Abstract. -Internal friction at a frequency of 1 Hz has been studied in an iron-24 % nickel alloy over the temperature range from 20° to 1 100 O C on heating and cooling. An internal friction spectrum consisting of five peaks occurring at 1460,4620, 5190, 6700 and 779 O C has been observed on heating and of two peaks occurring at 7840 and 144 O C on cooling. The 462 O C peak appears to be a grain-boundary relaxation peak involving iron or nickel atoms migrating across the martensite-retained austenite interface. The 5190 and 144 O C peaks seem to be caused by the martensitic transformation. The 670 O C peak seems to be connected with the recrystallisation of the material after a reverse martensitic transformation. The 7790 and 784 O C peaks have been suggested as being caused by grain-boundary relaxations occurring in the austenite phase.
1. Introduction. -Iron-nickel alloys containing up to 28 % nickel undergo martensitic transformations at temperatures above 20 OC [I] . The M, and Mf temperatures of the iron-24 % nickel alloy can be deduced from this work as being about 1200 and -300C respectively. The corresponding A, and Af temperatures would be 5100 and 580 OC.
The structural changes occurring during the heating of iron-nickel alloys were extensively investigated in alloys containing about 30 % nickel [2-91. The reverse martensitic transformation was found to be strongly affected by the heating rate [2] . On heating at rates above 4 0C mn-' a shear transformation occurred which produced a highly distorted austenitic structure. The dislocation density of this structure was greater than that of the annealed austenite by a factor of about ten [3] . The deformed austenite recrystallised at a temperature between 6000 and 700 O C [4] .
On heating at rates below 20C mn-' the shear transformation stopped after about 60 % of the total transformation. The partially transformed structure remained stable until the temperature was increased by another 700C, when the transformation was completed by a diffusion controlled nucleation and growth process [2] .
(*) Now at Atlas Steels Company, Welland, Ontario, Canada.
By comparison with the structural studies, internal friction effects in iron-nickel alloys were studied less extensively. Effects occurring in iron-carbon martensite were reviewed by Ward and Capus [lo] . Gladman and Pickering found that the internal friction peak which occurred in quenched iron-carbon alloys at 230 OC was shifted by the addition of 19 % nickel to 160-170OC [II] . Estrin et al. also observed this peak at 170 O C in an iron 23.7 % nickel-2.8 % manganese alloy 1121.
Internal friction associated with the direct martensitic transformation was first observed in an iron-22 % nickel alloy by Scheil and Thiele [13] . The reverse martensitic transformation on the other hand was investigated in iron-manganese alloys by Wang and Chu [14] . These workers concluded that the magnitude of the internal friction was dependent on the amount of transformation that occurred in one cycle of vibration and was not directly proportional to the rate of transformation. Estrin et al.
[12] also studied the reverse martensitic transformation in the iron-23.7 % nickel-2.8 % manganese alloy. They observed a transformation peak at 550 O C and two other peaks at 725 O C and 810 OC, respectively. The first peak was attributed to grain-boundary relaxation processes while the second was assumed to be due to the diffusion of hydrogen molecules.
A grain-boundary relaxation peak was first reported in alpha iron by KC [15] and more recently by Postnikov 1161 and Leak [17] . The influence of substitutional elements was investigated in the iron-chromium system by Bunghardt and Preisendanz 1181 and by Barrand [19, 201 . Both solvent (iron) and solute (chromium) peaks were evident in alloys of low chromium content. With increasing concentration of chromium the height of the solute peak increased with a concomitant decrease in the height of the solvent peak, until at higher chromium contents the solvent peak was completely suppressed. In addition to the work of Estrin et al. 1121 Lebedev and Postnikov [21] indicated the presence of a solute grain-boundary peak in the internal friction spectrum of an iron-4 % nickel alloy.
The results presented in this paper are internal friction measurements taken on heating and cooling over the temperature range from room temperature to 1 100 OC. The work formed part of an investigation into the effects of impurities on the high temperature relaxation peaks in austenitic alloys. martensite and 30 % retained austenite. The grain size of the original austenite was estimated from the martensitic structure using a suitable etchant [22] and was found to be 0.06 mm.
Internal friction measurements were taken over the temperature range from room temperature to 1 100 O C in a vacuum torsion pendulum operating at a frequency of about 1 Hz. The specimen was heated in a non-inductively wound tube furnace, and the measurements were taken during heating and cooling at constant rates ranging from lo to 40C mn-l. The amplitudes of oscillation were autographically recorded using a photodyne light spot follower. The logarithmic decrement (6) was then calculated from the e~uation where A, is the initial amplitude and A, the amplitude at the Nth cycle.
3. Results. -3.1 AMPLITUDE DEPENDENCE. -The amplitude dependence of the internal friction of the alloy was investigated at temperature intervals of about lOOOC during heating and cooling cycles by exciting the specimen to the maximum amplitude possible in the apparatus and allowing the amplitude to decay almost to zero. The amplitude of each cycle was measured and plotted against the number of cycles on a log linear scale.
All such graphs consisted of curved and straight line regions, the former representing the amplitude dependent damping, which occurred at surface strains exceeding 3.0 x lo-', and the latter the amplitude independent damping. The present measurements were made in the amplitude independent region with the maximum surface strain not exceeding 2. 5 between the two curves and to facilitate a more detailed study of the energy absorbing processes, that resulted in the observed internal friction spectra, these curves were analysed with the help of a computer. The background damping is known to consist of lowand high-temperature damping contributions [23] . These were removed assuming that the damping (6,) obeyed an exponential temperature dependence of the form
where Q is the activation energy for the damping process.
The computer program used for the analysis of the remaining internal friction spectra was based on the equation
where the controlling parameters are the peak height (6,,,), the activation energy of the relaxation process (Q) and the peak temperature (T,). Although equation (3) describes a Debye peak, when Q becomes the true activation energy (Q,), to a first approximation it can be used to describe peaks wider than Debye peaks. In this case Q is the apparent activation energy (Q,).
A cooling cuive separated into its constituent parts is shown in figure 2. The criterion for satisfactory separation was that the sum of the computer cal- x Experimental points ; -Theoretical curve ; ---Low temperature background damping ; ---High temperature background damping ; ------Peak P 5.
culated values of the logarithmic decrement agreed with the experimentally measured value within the experimental error at each temperature of measurement. The heating curve (Fig. 1) shows three detectable peaks occurring at 5190, 6700 and 779 OC. These peaks are denoted P 3, P 4 and P 5 respectively. The cooling curve, on the other hand, shows only two peaks, one (P 5) at 784 O C and the other (P 6) at 144 OC. Since the reverse martensitic transformation and subsequent recovery in the austenite phase affected the high temperature background damping in an unknown way, analysis of the heating curve was not attempted over the temperature range above 530 OC. The part of the internal friction curve below this temperature, corresponding to the martensitic structure, was analysed and activation energies of 0.8 and 15 kcal.mole-I were obtained for the low and high-temperature background damping respectively. A similar analysis of the cooling curve for the austenitic structure was made yielding values for the two background dampings of 0.8 and 12 kcal .mole-' respectively.
After the removal of the background damping from the heating curve, it was found that the internal friction spectrum below the peak P 3, could be split into two peaks one occurring at 462 OC (P 2) (Fig. 3) and the other at 146 OC (P 1) (not shown). The results of the analysis of the heating and cooling curves are summarised in Tables I and 11 . The main features of the results are that : a) the low-temperature background damping is practically unaffected by the heating cycle, b) the activation energy and magnitude of the high-temperature background damping are lower in the austenitic structure than in the martensitic structure, c) the peaks P 1, P 2, P 3 and P 4 observed on heating are absent in the cooling curve, d) the peak P 6 absent in the heating curve is observed in the cooling curve, and e) only one peak (P 5) is present in both curves. Table 111 . A feature of these results is that, while the peak P 2 is not affected significantly by the heating rate, the heights of the peaks P 3 and P 5 are appreciably changed. The peak P 4 also varies in height and is unobservable at the slowest heating rate.
Summary of background damping at
the only ones found to be frequency dependent in the temperature range from 3000 to 1 100 OC. Assuming an Arrhenius type relationship between applied frequency (f) and the peak temperature (T OK).
where f , is a constant known as the ((attempt frequency )), the true activation energies (Q,) of the relaxation processes for the two constituent peaks were calculated by plotting In f against 1/T, as shown in figure 6 . The straight lines were drawn by the method of linear least squares of each peak temperature obtained from the computer analysis of the internal friction curves. fo was calculated from equation (4) in the usual manner.
The ratio of Q, to Q, gives r,@) from which, using the results of Nowick and Berry [24] , were obtained values of the fi factor for each peak. The results obtai- ned from the analysis of the frequency shift of the peaks are summarised in Table IV .
Summary of parameters of the relaxation peaks at 1 Hz Parameter -
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Peak height (6 4. Discussion. -The iron-24 % nickel alloy has been found to exhibit five internal friction peaks on heating and two on cooling in the temperature range from 200 to 1 100 OC. These peaks occur at 144O (P 6), 1460 (P I), 4620 (P 2), 5190 (P 3), 670° (P 4) and 779 O C (P 5) at a frequency of 1 Hz and a heating rate of 4 O C mn-I. Each of the peaks will now be discussed separately in terms of the variables used in the present study and the known transformations occurring in the iron-nickel alloys.
4.1 PEAK-P 1. -The results of this investigation indicate that the peak observed at 146 O C is the same as that found by Gladman and Pickering [ll] in iron-19 % nickel and by Estrin et al. [12] in iron-23.9 % nickel alloys. The peak occurs in a martensitic structure only, and is believed to be due to the movement of dislocations through an atmosphere of interstitial atoms.
4.2 PEAK-P 2. -The peak P 2 occurs on a steeply rising part of the internal friction curve (Fig. 3) . The increase in damping over this temperature range could be caused by the start of the reverse martensitic transformation. Jana and Wayman [5] found that on slow heating, during dilatometric measurements, there was a gradual contraction in an iron-33.95 % nickel alloy before the reverse shear martensitic transformation took place. Their results indicated that on slow heating a diffusion controlled reverse transformation was in operation prior to or at least simultaneously with the diffusionless reverse transformation. Kessler and Pitsch [2] suggested that on slow heating diffusion of iron and nickel atoms occurred across the austenitemartensite interface during the reverse martensitic transformation.
The peak is found to be frequency dependent and unaffected by the heating rate (Fig. 6 and Table 111 ). It can, therefore, be concluded that it is caused by a relaxation process. The activation energy of the process is 68 $. 4 kcal . mole-' which is of the order of magnitude of the activation energy for volume diffusion of nickel in iron-nickel alloys [25] , for iron in dilute iron-nickel alloys [26] , and for the grain-boundary relaxation process in iron containing nitrogen or carbon [27] . The rather high P factor, being characteristic of grain-boundary relaxations, and the high attempt frequency [27] , indicate that the peak is due to a relaxation process occurring at grain boundaries. It is, therefore, suggested that the peak P 2 is a grainboundary relaxation peak caused by the diffusion of iron or nickel atoms across the martensite -retained austenite interface.
4.3 PEAK-P 3. -For the iron-24 % nickel alloy, the peak P 3 occurs at a temperature between the A, and Af temperatures. The height and shape of the peak is strongly affected by the heating rate and frequency, being highest at the fastest rate and lowest frequency. The peak temperature does not change significantly with frequency and hence it cannot be due to a true relaxation process. According to Wang and Chu [14] and Estrin et al. [I21 the reverse martensitic transformation gives rise to an internal friction peak. Wang and Chu 1141 proposed that the logarithmic decrement is dependent on the amount of transformation that occurs during one period of vibration. The effect of heating rate and frequency on the peak can be accounted for in terms of this model. With a, fast heating rate more of the martensite will transform during each cycle than with a slower rate, hence the internal frictibn will be higher (Fig. 4) . At higher frequencies less martensite will transform during each cycle than at lower frequencies, hence, at a constant heating rate, the internal friction will be lower (Fig. 5) . Consequently, it is suggested that the peak P 3 is due to the reverse martensitic transformation.
4.4 PEAK-P 4. -It was found, from structural studies, that the austenite produced by the reverse martensitic transformation had a highly distorted structure with a dislocation density greater than that of annealed austenite by a factor of ten 131. The presence of such a high dislocation density would account for the fact that the high-temperature background damping immediately after the martensitic transformation is considerably higher than the background damping on cooling. The high-temperature background damping is known to increase with increasing dislocation density [21, 281. The shape of the peak is not reproducible and its variation with frequency is irregular, indicating that it is not a relaxation peak. On heating recovery and recrystallisation of the highly dislocated austenite takes place at temperatures between 600° and 700 OC [4] . Since the peak P 4 occurs in this temperature region, it is most probably associated in some way with the recrystallisation process. The changes in the peak due to the heating rate and the frequency are, therefore, dependent on the effect of these variables on the recrystallisation process.
4.5 PEAK-P 5. -The peak P 5, occurring at 779 OC on heating and 784 OC on cooling, is frequency dependent, and its shape and peak temperature are unaffected by the heating rate. It can, therefore, be concluded that it is a relaxation peak. It occurs in the same temperature region as the grain-boundary peak reported by Lebedev and Postnikov 1211 in an iron-4 % nickel alloy. The activation energy (64 + 4 kcal.mole-I) for the relaxation process causing the peak P 5 is in good agreement with the activation energy (59-69 kcal. mole-') reported by Lebedev and Postnikov [21] . It is also in good agreement with the activation energy for self diffusion of nickel in the austenite phase of iron-nickel alloys [25] . According to the stress-induced migration theory of grainboundary relaxations, the relaxation process is associated with single atom jumps, the activation energy of which is of the order of magnitude of that for self diffusion [17, 19, 27, 291 . Consequently, it would appear that the peak P 5 is due to a grain-boundary relaxation process involving the solute nickel atoms. If this is so, the variation of the height of the peak with the heating rate can be accounted for in terms of factors affecting the relaxation strength of the process. In this alloy recrystallisation occurs below the peak temperature, and the size of the grains at the peak temperature will depend on the extent of grain growth that occurred during heating to this temperature. Any variation in the grain size affects the height of the peak as it is strongly dependent on the grain size 119, 271.
Because recrystallisation was occurring during heating, the effect of grain size could not be studied on specimens recrystallised prior to internal friction measurements. Such measurements should be made on cooling from the annealing temperature on specimens annealed in the internal friction apparatus. This was not possible in the apparatus used in the present study.
4.6 PEAK-P 6. -Since this peak is observed only in the internal friction curves measured on cooling, and since it occurs in the temperature region of the M, of the alloy studied, it appears to be associated with the martensitic transformation. It is an asymmetrical peak with a maximum height corresponding to that of the peak P 3. It resembles in shape the peak reported by Scheil and Miiller 1301 in an iron-20 % nickel alloy measured on cooling, which was also attributed to the martensitic transformation. 2. The 7790 and 784 OC peaks are due to the same relaxation process which appears to be caused by austenite grain-boundary relaxations involving solute nickel atoms.
3. The 462 0C peak is believed to be a grainboundary relaxation peak involving iron or nickel atoms at the martensite -retained austenite interface.
4. The 5190 and 144 O C peaks appear to be due to the reverse and direct martensite transformation respectively.
5. The 6700C peak is associated with the recrystallisation of the austenite formed by the reverse martensitic transformation.
